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Formation of graphene oxide nano-disks by electrochemical 
oxidation of HOPG 
 
Koichi Jeremiah Aoki
*
, Hongxin Wang, Jingyuan Chen, Toyohiko Nishiumi 
Department of Applied Physics, University of Fukui, 3-9-1 Bunkyo, Fukui, 910-0017 
Japan 
 
Abstract 
When HOPG (highly oriented pyrolytic graphite) was electrochemically oxidized in 
alkali solution, STM observation showed that graphite oxide with homo-sized disks 15 
nm in diameter and 0.5 nm in thickness was formed dispersively on the HOPG surface. 
With an increase in the anodic charge, the number of the disks enhanced, and covered 
finally the HOPG surface without overlap at the maximum coverage,70%. The 
projected area of the disks was proportional to the anodic charge when the charge was 
small. The disks were hydrophilic. The double layer capacitance of the oxidized HOPG 
increased slightly with the anodic charge, implying that the disks should be an electrical 
insulator. The fully disk-coated HOPG did not block the diffusion-controlled current of 
the redox species. The layer of the disks must be porous for ions or solutions. The 
formation of the uniform size may be ascribed to the difference between the density of 
graphite oxide and that of the basal plane of graphite. The formation of nano-disks and 
their properties are inconsistent with such an image of intercalation that ions are 
inserted into layers of graphenes of HOPG. 
 
key words: HOPG; electrochemical oxidation of graphite; graphite oxide; STM; 
intercalation 
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Introduction 
 
    Considerable amounts of graphene sheets have been produced through reduction of 
graphite oxide [1-6], which takes a form of dispersing sheets or flakes in suspensions 
[6]. Graphite oxide has been generated bychemical oxidation of graphite by oxidants 
including concentrated sulfuric acid, nitric acid and potassium permanganate based on 
the Hummers method [7]. It is generally difficult to control a degree or intensity of 
chemical oxidation. In contrast, an electrochemical technique can control well oxidation 
by time-variations of voltage or current, and is a promising method of producing 
graphene oxide with quality control. Electrochemical production of graphene has been 
developed in the light of scaling-up the process since 2011. The state-of-the-art methods 
for electrochemical synthesis of graphene have been reviewed, including the properties 
as well as analytical methods [8]. 
    Electrochemical reactions at graphite electrodes have been directed intensely to 
intercalation of lithium ion at secondary batteries early in 1980s [ 9 - 13 ]. The 
electrochemical intercalation has often brought about exfoliation from graphite [14,15]. 
Graphene is thought to be formed electrochemically in two steps: intercalated ions 
expand inter-distances among graphene layers into which solvent is penetrated; the 
penetrated solvent generates electrochemically gasses, which exfoliate graphene layers 
[8,16]. Although this mechanism is intuitively reasonable enough for explaining the 
electrochemical exfoliation, voltages and current densities for the interaction and gas 
evolution have not been quantitatively discussed yet. The quantitative discussion is not 
easy because there is difficulty in controlling voltages for such high current density that 
graphene flakes are dispersed in suspension form. 
    Voltage-controlled voltammetry, i.e. with few ohmic drop, has allowed researchers 
to characterize voltage of each step at graphite electrolysis. Voltammetric oxidation of 
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HOPG near 2.0 V generated blisters which were seen by an optical microscope [16]. 
Voltammetry ranging from -2 to 3 V exfoliated graphite to produce functionalized 
graphenes used for primary battery electrodes [17]. Well-defined voltage control for 
reduction generated few-layer graphenes with the help of thermal expansion and 
ultrasonication [18]. Electrochemical intercalation of sodium dodecyl sulfate into 
graphite formed a stable colloidal graphene suspension of which properties were 
controlled by intercalation voltages [19]. HOPG electrochemically intercalated by 
mixtures of sulfuric and formic acids exfoliated to form CO blisters in which CO 
bubbles were trapped [20]. Although characteristic voltages have been addressed in 
these studies, a relationship between the formation of graphene oxide and the 
exfoliation has not been clarified yet from a viewpoint of electrode potential. A strategy 
of clarification is, first of all, to find how the oxidation of graphite alters the surface 
morphology at the intercalation. 
    We focus in this report on carrying out the strategy by voltammetric oxidation of 
the HOPG surface in basic solutions. The oxidized surface morphology, examined by 
means of STM, is expected to be related quantitatively with the oxidation charge. 
Questions are (i) whether graphite oxide is immobilized on the HOPG surface or not; 
(ii) what are geometry and uniformity of graphite oxide; (iii) how much is graphite 
oxide formed at a given potential; (iv) what are properties of graphite oxide such as 
conductivity and porosity. We aim at responding to these questions in this report. 
 
Experimental 
 
    HOPG was purchased from Bruker Corp. Before each voltammetric run, the 
HOPG surface was exfoliated with adhesive tape. The capacitive current at a whole 
HOPG plate was much larger than that at a planar glassy carbon electrode with the same 
geometrical area. The extra-current is due to the large surface roughness at the edge of 
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the HOPG plate. In order to obtain a controlled area of an electrochemically active 
lamellar plane, a PTFE cylinder 6 mm in inner diameter was pressed on the exfoliated 
HOPG surface with the help of a gasket (o-ring). Voltammograms obtained in the 
cylindrical cell varied sometimes with the pressure between the cylinder and the HOPG. 
Another cell was an aqueous cylinder which was supported with surface tension 
between the aqueous solution and air. It was generated by expanding the aqueous 
solution sandwiched with the HOPG plate and a stainless steel plate, as illustrated in Fig. 
1. The diameter of the cylinder was determined by a microscope.  
    Water used was distilled and then ion-exchanged. All the chemicals were of 
analytical grade. Ferrocenyl tetramethylammmoniumhexafluorophosphate (FcTMA), 
was synthesized in house. FcTMA contained salt, mainly ammonium iodide, which was 
formed when iodide in ferrocenyl tetramethylammmonium iodide was substituted for 
hexafluorophosphate. Accurate concentrations of FcTMA solutions were determined by 
voltammetric peak for the known value of the diffusion coefficient [21]. Water was 
deionized and distilled. 
     Cyclic voltammetry was carried out with a potentiostat, Compactstat (Ivium Tech., 
Netherlands). The reference electrode was Ag|AgCl in saturated KCl. The counter 
electrode was a platinum wire. Scanning tunneling microscope was NanoScope 
(MSE-FFAC001, Veeco). 
 
3. Results and Discussion 
 
3.1 Electrochemical oxidation of HOPG 
 
    The HOPG surface in cylindrical cell was oxidized in acidic and basic solutions by 
cyclic voltammetry with one cycle. The voltammograms in Fig. 2 show that the 
oxidation current rose up at 1.3 and 1.7 V, respectively in the NaOH and H2SO4 
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solutions. The iterative scan decreased slightly the anodic currents. The Tafel plot fell 
on a line for the current density over 5 A cm-2.We designated the potential at the 
current density of 4 Acm-2 in the Tafel plot as ETF. Figure 3 shows dependence of ETF 
on pH of the solution, where pH was varied by adding NaOH or H2SO4 to 0.1 M (= mol 
dm
-3
) Na2SO4 solution.The increase in pH by 1 shifted ETF by ca. 0.04 V, indicating that 
two electrons should be consumed for the oxidation of one hydrogen ion. The 
conventional oxidation of water, followed by 
2H2O  O2 + 4H
+
 + 4e
-
              (1) 
shows the 1:1 stoichiometry for H
+
(or OH
-
 ) and e
-
. This ratio fails to explain the present 
experimental dependence of ETF on pH. More electrons should be generated than the 
oxidation of OH
-
. A possible reaction generating more electrons is formation of 
carbocation [22-24] through 
 
  (2) 
 
If it occurs in parallel with reaction (1), two electrons should generate in the 
consumption of one OH
-
 ion. The carbocation may soon react with dioxygen or water to 
yield an alcohol or an epoxy group.In order to support the participation of reaction (2), 
we made voltammetry at the platinum electrode under the same conditions as the 
voltammetry at the HOPG. The potential shift was 52 mV per pH at the Pt electrode, as 
shown in Fig. 3, i.e. corresponding to the one-electron oxidation. Therefore the 
two-electron reaction is specific to HOPG electrodes.  
    Values of the current density ranging from 20 to 250 A cm-2 at a given potential 
varied with scan rates in the NaOH solution. They showed v
0.4
-dependence and 
v
0.1
-dependence at 1.2 V and potentials more than 1.3V, respectively. Since the order of 
v was less than, 0.5, the current should be controlled by some chemical and/or 
electrochemical kinetics rather than diffusion of OH
-
. This supports the participation of 
C 
C 
C C 
C 
C
A C C 
+ 
 
+ e
-
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reaction (2), which belongs to a surface reaction. 
    The oxidized surface is predicted to be covered with graphite oxide, which is more 
hydrophilic than the HOPG surface. In order to verify the hydrophilicity, we measured 
contact angles of water drop on the HOPG surface which was oxidized in NaOH 
solution by one scan cyclic voltammetryat the scan rate, 10 mV s
-1
, with several reverse 
potentials, Er. The angle decreased at Er >1.3 V, as shown in Fig. 4. This fact implies 
hydrophilic graphite oxide may be formed on the HOPG for Er >1.3 V.. 
  
3.2 STM images of Oxidized Surface 
 
     Figure 5 shows STM photographs of the oxidized HOPG surfaces at three reverse 
potentials. The HOPG surface without the oxidation had no morphology within 0.5 m 
squares in magnification. Dots were found at potentials Er > 1.2 V. When the oxidation 
level was enhanced by an increase in Er or a decrease in the scan rate, the number of 
dots were increased, keeping the size. The dots covered mostly the HOPG plane for Er 
>1.5 V (Fig. 5(C)). Therefore the anodic electrolysis generated the dots. 
 Figure 6 shows the magnified STM images of (A) the domain including the dots 
and (B) the flat domain in Fig. 5(A). The dots were an approximate circle ca. 15 nm in 
diameter, and were less than 20 nm. There were few overlaps of dots even at high 
density of the dots. The dots were formed heterogeneously, leaving behind the flat 
domain (Fig. 5(B)). The thickness of a dot was read by the STM current along a line 
traversing a dot. It was 0.5 nm in average and was less than 1 nm. Consequently, the 
dots are disk-shape with an aspect ratio less than 30:1. We call the dots nano-disks. The 
surface of the nano-disk was crumpled. It has been reported that the electrochemical 
oxidation of HOPG yielded shallow blisters on the surfaces [16,25]. The blisters are 
different from our nano-disks in that they take optical microscopic size and irregular 
size. 
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    The STM current at a probe distinguishes obviously nano-disks from the flat 
HOPG plane.We took the ratio of the number of (x, y) digital points regarded as a 
nano-disk to all the sampled number. This ratio is equivalent to the ratio of the projected 
area of the nano-disks, S, to all the scanned area, S0 = (0.5 m)
2
. Figure 7 shows the 
variation of S/S0 with the charge density of the oxidation, q. The area at a low oxidation 
level was proportional to q, whereas the ratio S/S0 at a high level showed a constant, ca. 
0.7. The proportionality indicates that nano-disks should disperse on the HOPG surface 
two-dimensionally without overlap. The two-dimensional dispersion is in accord with 
the uniformly flat disk form. The slope of the proportionality means the area generated 
by 1 C, or 2.2×10-3 nm2 per electron. This area is much smaller than the area of one 
carbon (0.026 nm
2
) on a graphene sheet. The ratio, 0.026/0.0026  11, indicates that a 
carbon atom relevant to formation of the nano-disks is oxidized by consumption of 
eleven electrons. 
    The constant value of S/S0 (0.7) for q > 50 C m
-2
 in Fig. 7 shows that the 
nano-disks cannot cover the HOPG surface up by further oxidation. Since the 
nano-disks are not overlapped to get thicker by the further oxidation, the anodic charge 
more than q > 50 C m
-2
 may be consumed only by decomposition of water rather than 
by formation of the nano-disks. A reason for the limitation of S/S0 < 0.7 is that no 
domain can be filled geometrically with random distribution of equi-sized disks without 
overlap. 
 
3.3 Electrochemical properties 
 
    We characterize here electrochemical properties of the nano-disks by cyclic 
voltammetry and ac-impedance. Figure 8 shows voltammograms in 0.5 M KCl solution 
at the HOPG and the glassy carbon (GC) electrodes, and their oxidized electrodes at 
which the oxidation was made by cyclic voltammetry at Er = l .5 V vs. Ag|AgCl in 10 
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mM NaOH solution. The voltammetric currents in 0.5 M KCl solution are caused by the 
electric double layer capacitance because currents at 0.1 < E < 0.6 V were proportional 
to the scan rates. The voltammograms at the oxidized HOPG (a2) was close to or less 
than that at the untreated HOPG (a1) for E < 0.5 V. Therefore the nano-disks do not 
increase the electroactive surface area although the surface gets geometrically rough. 
Possible reasons are electrical insulator of the nano-disks and/or no electric percolation 
of the nano-disks to the HOPG. In contrast, the oxidized GC electrode (b2) showed 
current density larger than the untreated GC (b1), as is well-known as the anodic 
activation of electrochemical pretreatments [26,27]. 
    We examined electrochemical activity of the soluble redox species at the nano-disk 
coated electrode. The oxidized HOPG in 1 mM FcTMA + 0.5 M KCl aqueous solution 
showed the same voltammograms as those untreated HOPG, regardless of a degree of 
the anodic charge and scan rates for less than 0.1 V s
-1
. FcTMA ought to react at the 
HOPG surface through nano-disks without any blocking. Therefore, the nano-disks are 
porous for transport of ions. 
    Electric double layer impedance of the oxidized HOPG was measured by the 
ac-impedance technique with 10 mV amplitude at the DC-potential (0.0 V) of the 
polarized potential domain in 0.5 M KCl solution. Figure 9 shows the Nyquist plots at 
the oxidized and untreated HOPG electrodes. The conventional model of the equivalent 
circuit for a double layer is a series combination of an ideal capacitance and a solution 
resistance. A Nyquist plot for this model shows theoretically a vertical line, whereas the 
experimental plots showed a line with the slope 11. When a capacitance, C, has 
frequency-dependence, the ac-current responding to ac-voltage, V,is formally expressed 
by [28,29] 
 
      (3) 
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where  is the frequency of the ac-voltage. The term (dC/d)(d/dt) in Eq. (3) is an 
in-phase component, or a conductance. Letting the inverse of the conductance, i.e. the 
resistance, be denoted as Rp, the equivalent circuit is a parallel combination of C and Rp. 
Then the impedance including the solution resistance, Rs, is represented by 
 
                      (4) 
or 
 
         (5) 
The experimental slope, 11, in Fig. 9 will be discussed later. 
    A quantitative relationship between double layer properties and a degree of the 
oxidation may be represented by the dependence of the capacitance on the area of 
projected nano-disks. By eliminating Rp from Eq. (4), the double layer capacitance can 
be represented by 
 
                      (6) 
 
The evaluated capacitance was proportional to ln() in the domain from 5 Hz to 50 kHz, 
as is consistent with at the platinum electrodes [28,29], and was empirically expressed 
as 
C = k1–k2ln                              (7) 
for positive constantsk1 and k2. The frequency-dependence in C was rather small 
because of the logarithmic variation. Figure 10 shows variation of C at frequency 1 Hz 
with S/S0. The capacitance increased slightly with an increase in the oxidized area, 
indicating the enhancement of the conducting area with an increase in the oxidation 
degree. It approached a constant value for S/S0 > 0.35, and did not vary any more. 
Consequently, the nano-disks themselves do not participate in electrical conduction, but 
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  CRRZZ ps12 / 
may generate simply surface roughness of the HOPG substrate. The invariance of C is 
consistent with the electric insulator of the nano-disks in Fig. 8. This behavior is 
incontrast with the oxidized GC electrodes [26,27]. 
Taking the ratio of the two equations in Eq. (5) yields 
                  (8) 
By inserting Eq. (8) into the definition 1/Rp = (dC/d)(d/dt) in Eq. (3) and using the 
relation t = 2 (e.g. eit = 1), we have Rp = 2/k2. Therefore, Eq. (8) is almost 
constant for frequency variations. This interpretation agrees with a given slope of the 
line in Fig. 9. Values of the slopes did not vary not only with frequency but also S/S0. 
Therefore the formation of the nano-disks has no effect on the quality of the double 
layer. 
    It is interesting to deduce a possibility of generating uniform sized nano-disks 
without overlap. Since the basal plane of HOPG is stabilized by graphene-like crystal 
structure, formation of carbocations needs high activation energy or overpotential. Once 
carbocation is generated at any point on the surface overcoming the overpotential, it 
deforms the surrounding crystal structure to decrease the activation energy. Therefore 
carbocations are formed closely each other. They react with oxygen to yield clusters of 
graphite oxides. Since the density per area of the cluster is lower than that of graphite, 
the cluster cannot bound with crystal structure. Then it protrudes from the crystal 
surface to form disks, associated with wrinkles. Since it is an electrical insulator, it has 
no effect on further oxidation. 
 
4. Conclusion 
 
   The defects of the HOPG crystal structure by the oxidation are different from the 
intercalated graphene in that  
(a) the top layer of the oxidized HOPG is hydrophilic, indicating the absence of 
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hydrophobic graphene layer (in Fig. 4); 
(b) the extra-oxidation charge does not enhance the amount of the defects (in Fig. 7); 
(c) nano-disks are dispersed heterogeneously on the planar HOPG; 
(d) the electric conduction specific to graphene layers is lost on the nano-disks (in Fig. 
8), 
(e) the nano-disks are so porous for ions that the electrode reaction is not blocked; and 
(f) the double layer capacitance is almost independent of the oxidation level. 
These deviations from the conventional image, however, do not always controvert the 
intercalation if  
(g) the applied potentials and/or the current density are insufficient to cause the 
intercalation, and if 
(h) the anodic intercalation may occur less frequently than the cathodic one. 
    Our answer to the questions in Introduction is 
(i') generated graphite oxide is immobilized on the HOPG surface; 
(ii') it takes disk-shape 15 nm in diameter with 30:1 aspect ratio; 
(iii') the generated amount is restricted up to the surface coverage 
(iv') graphite oxide is electric insulated and porous for ions and solvent, and 
consequently it has no effect of reactions of foreign redox species, or few effect on 
double layer capacitance. 
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Figure Captions 
Figure 1. Illustration of the cell of the aqueous cylinder pulled with both the HOPG 
plate and the stainless steel plate. 
 
Figure 2. Cyclic voltammograms in (a) 10 mM NaOH + 100 mM Na2SO4 solution and 
(b) 1 M H2SO4 solution at the HOPG electrode for the scan rate, 10 mV s
-1
. 
 
Figure 3. Variations of Er with pH obtained at the (circles) HOPG and the (triangles) 
platinum electrode in various pH solutions at v = 10 mV s
-1
, where ETF is satisfied with 
the Tafel equation, E =ETF + a log(I /A). 
 
Figure 4. Variation of contact angles of water drop on the HOPG surface with Er in 10 
mM NaOH solution. 
 
Figure 5. STM photographs in (500 nm)
2
 of the HOPG surface oxidized in the NaOH 
solution by cyclic voltammetry with Er = (A) 1.20, (B) 1.25 and 1.30 V vs. Ag|AgClfor 
v = 10 mV s
-1
. 
 
Figure 6. STM images of the HOPG surface oxidized at 1.2 V, which include (A) some 
nano-disks at a magnification of (100 nm)
2
 and (B) the flat domain of Fig. 5(A) at a 
magnification of (10 nm)
2
. 
 
Figure 7. Dependence of the normalized area ofnano-disks on the anodic charge density. 
 
Figure 8. Cyclic voltammograms at v = 10mV s
-1
 in 0.5 M KCl solution at (a1) the 
HOPG, (a2) the HOPG oxidized at Er = 1.5 V in 10 mM NaOH + 100 mM Na2SO4 
solution, (b1)the GC, and (b2) the GC oxidized at Er = 1.5 V in the above solution, 
 
Figure 9. Nyquist plots in 0.5 M KCl solution at (circles) the bare HOPG and (triangles) 
the HOPG oxidized at Er = 1.5 V. 
 
Figure 10. Variation of the capacitance at 1 Hz with the normalized area of the 
nano-disks. 
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Fig. 9 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10 
Nano-disks of graphene oxide is formed on the HOPG surface by electroxidation.  
They are 15 nm in diameter, an electrical insulator, and surface-bound material. 
They are different from the conventional view of the intercalation.  
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